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SIGESN LASER DIODES AND METHOD OF
FABRICATING SAME

CROSS-REFERENCE TO RELATED PATENT
APPLICATION

This application claims priority to and the benefit of U.S.
Provisional Patent Application Ser. No. 63/084,207, filed
Sep. 28, 2020, which is incorporated herein in its entirety by
reference.

STATEMENT AS TO RIGHTS UNDER
FEDERALLY-SPONSORED RESEARCH

This invention was made with government support under
grant numbers FA9550-18-1-0045 and FA9550-19-1-0341
awarded by the Air Force Office of Scientific Research. The
government has certain rights in the invention.

FIELD OF THE INVENTION

The invention relates generally to semiconductors, and
more particularly to SiGeSn laser diodes and methods of
fabricating the same.

BACKGROUND OF THE INVENTION

The background description provided herein is for the
purpose of generally presenting the context of the present
invention. The subject matter discussed in the background of
the invention section should not be assumed to be prior art
merely as a result of its mention in the background of the
invention section. Similarly, a problem mentioned in the
background of the invention section or associated with the
subject matter of the background of the invention section
should not be assumed to have been previously recognized
in the prior art. The subject matter in the background of the
invention section merely represents different approaches,
which in and of themselves may also be inventions.

Silicon-based lasers have long been highly desirable
owing to the possibility of monolithic integration of pho-
tonics with high-speed Si electronics and the aspiration of
broadening the reach of Si technology by expanding its
functionalities well beyond electronics. To overcome the
intrinsic problem of bandgap indirectness in the group-IV
semiconductors of Si, Ge, and SiGe alloys, a new group-IV
material system (SiGeSn) has been successfully demon-
strated. In particular, direct bandgap GeSn alloys have been
investigated as a gain medium for lasers on Si substrates.
While there remains significant challenges in the growth of
SiGeSn materials, device-quality epilayers with a wide
range of alloy compositions have been achieved, which have
led to the demonstration of GeSn lasers: a significant break-
through for the recent SiGeSn material research. Albeit the
optically pumped GeSn lasers made impressive progress in
recent years, the design of GeSn laser diodes for electrical
injection has not been achieved and therefore is highly
desirable.

Therefore, a heretofore unaddressed need exists in the art
to address the aforementioned deficiencies and inadequa-
cies.

SUMMARY OF THE INVENTION

One of the objectives of this invention is to disclose
various designs of a semiconductor laser diode that com-
prises a p-i-n double heterostructure (e.g., a p-type doped
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SiGeSn top layer, an intrinsic GeSn active region, and an
n-type doped SiGeSn or GeSn buffer layer) grown on a Ge
buffer on a silicon or silicon-on-insulator substrate. By
defining the top layer as a hole carrier injector, the semi-
conductor laser diode according to embodiments if the
invention limits the hole carriers leaking through the top/
active region interface, which has a type-II band alignment.
The SiGeSn laser would benefit from the invented structure
with a reduced carrier loss, leading to higher operation
efficiency.

In one aspect, the invention relates to a laser diode
comprising a double heterostructure (DHS) comprising a top
layer, a buffer layer formed on a substrate, and an intrinsic
active layer formed between the top layer and the buffer
layer. The top layer and the buffer layer have opposite types
of conductivity. The active layer has a bandgap smaller than
that of the buffer layer or the top layer.

In one embodiment, the DHS comprises Ge, SiGe, GeSn,
and/or SiGeSn materials.

In one embodiment, the laser diode further comprises first
and second electrodes, wherein the first electrode is coupled
to the top layer, the second electrode is coupled to the buffer
layer or the substrate.

In one embodiment, the substrate is heavily doped when
the second electrode is coupled to the substrate.

In one embodiment, the active layer comprises a direct
bandgap GeSn bulk or quantum well (QW) structure.

In one embodiment, the QW structure comprises single or
multiple QWs.

In one embodiment, the QW structure comprises one or
more direct bandgap GeSn wells and/or one or more SiGeSn
barriers.

In one embodiment, the active layer is a nominally
intrinsic Ge,Sn, active layer having a thickness in a range of
about 50-2000 nm, wherein a+b=1.

In one embodiment, each of the top layer and the buffer
layer serves as a contact layer by a heavy doping level.

In one embodiment, the buffer layer is doped as an n-type.

In one embodiment, the buffer layer comprises one or
more layers with different Sn compositions for achieving a
strain relaxation.

In one embodiment, the buffer layer comprises a first
buffer layer formed of a Ge material on the substrate, and a
second buffer layer formed of a GeSn and/or SiGeSn mate-
rial on the first buffer layer.

In one embodiment, the first buffer layer is a nominal
strain-relaxed Ge buffer layer having a thickness less than
about 2000 nm, with n-type doping of about 1x10'7 cm™.

In one embodiment, the second buffer layer is formed of
a GeSn material and/or a SiGeSn material and has a thick-
ness less than about 2000 nm, with t n-type doping of about
1x10"7 cm™.

In one embodiment, the top layer is doped as a p-type.

In one embodiment, the top layer is formed of a GeSn
material and/or a SiGeSn material.

In one embodiment, the top layer comprises one or more
layers including a first top layer formed on the active layer,
and a second top layer formed on the first top layer and
doped heavily relative to the first top layer.

In one embodiment, the first top layer is a Si,Ge Sn, cap
layer having a thickness less than about 2000 nm, with
p-type doping of about 1x10*” ¢cm™, and the second top
layer is a Si,Ge,Sn, Ohmic contact layer having a thickness
less than about 2000 nm, with p-type doping of about 1x10"°
cm™>, wherein x+y+z=1.

In one embodiment, when holes are injected from a top of
the top layer, hole barriers in a valance band between the
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active layer and the buffer layer confines the holes in the
active region to facilitate population inversion.

In one embodiment, when electrons are injected from a
bottom of the buffer layer, electron barriers in I" valley that
is lower band than L valley in a conduction band between the
active layer and the top layer prevents leakage of electrons,
thereby confining the electrons in the active region.

In one embodiment, the DHS has a p-i-n structure con-
figured to minimize hole leakage and enhance carrier con-
finement.

In one embodiment, the top layer is designed as a type-I
band alignment to the active region, and the DHS has a p-i-n
or n-i-p structure.

In one embodiment, the type-1 band alignment is achieved
by designing the top layer lattice match or compressively
strained on the active region.

In one embodiment, the top layer is designed as a type-11
band alignment to the active region, the DHS has a p-i-n
structure.

In another aspect, the invention relates to a method of
forming a laser diode, comprising growing a laser diode
structure via a chemical vapor deposition reactor using
precursors of SiH, (or SizHg), GeH, (or Ge,H,), and/or
SnCl, (or SnD,) on a substrate. The laser diode structure
comprises a double heterostructure (DHS) comprising a
buffer layer grown on the substrate, an intrinsic active layer
frown on the buffer layer, and a top layer grown in the buffer
layer, wherein the top layer and the buffer layer are doped to
have opposite types of conductivity, and wherein the active
layer has a bandgap smaller than that of the buffer layer or
the top layer.

In one embodiment, the buffer layer comprises a nominal
strain-relaxed Ge buffer layer grown on the substrate, having
a thickness less than about 2000 nm, with n-type doping of
about 1x10'7 cm™2, and a GeSn/SiGeSn buffer layer grown
on the nominal strain-relaxed Ge buffer layer, having a
thickness less than about 2000 nm, with n-type doping of
about 1x10'7 cm™.

In one embodiment, the active layer is a nominally
intrinsic Ge,Sn, active layer grown on the GeSn buffer layer,
having a thickness in a range of about 50-2000 nm, where
a+b=1.

In one embodiment, the top layer comprises a first Si,Ge, -
Sn_ cap layer grown on the nominally intrinsic Ge,Sn, active
layer, having a thickness less than about 2000 nm, with
p-type doping of about 1x10'” cm™, and a second Si,Ge,Sn,
Ohmic contact layer grown on the first Si,Ge,Sn, cap layer,
having a thickness less than about 2000 nm, with p-type
doping of about 1x10*® cm™2, wherein x+y+z=1.

In one embodiment, all doping growth is performed
in-situ by introducing corresponding doping gases.

In one embodiment, the method further comprises form-
ing an electrode on each of the top layer, the buffer layer and
the substrate.

These and other aspects of the present invention will
become apparent from the following description of the
preferred embodiments, taken in conjunction with the fol-
lowing drawings, although variations and modifications
therein may be affected without departing from the spirit and
scope of the novel concepts of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings illustrate one or more
embodiments of the invention and, together with the written
description, serve to explain the principles of the invention.
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4

The same reference numbers may be used throughout the
drawings to refer to the same or like elements in the
embodiments.

FIG. 1 shows schematically a perspective view of a laser
diode structure according to embodiments of the invention.

FIG. 2 shows schematically a cross-sectional view of an
SiGeSn laser diode structure fabricated into a ridge wave-
guide laser diode including a top layer, an active region,
buffer layers, and a substrate, ridge waveguide, and elec-
trodes, according to embodiments of the invention. The term
“ridge waveguide” used herein refers to a “stripe shape”
structure that is used to confine the optical mode. In certain
embodiments, the stripe shape structure is formed by etching
one or multiple layers from the top surface (either partially
or completely). As shown in FIG. 2, the top layer and active
region are removed completely as an example.

FIG. 3 shows schematically an energy band diagram for
a type-1I band alignment diode, according to embodiments
of the invention.

FIG. 4A shows schematically a cross-sectional view of a
laser diode device according to embodiments of the inven-
tion.

FIG. 4B shows calculations of band structure and profile
of fundamental TE mode for the laser diode device shown in
FIG. 4A. Band structure shows type II alignment between
GeSn active and SiGeSn cap layers at LH band. Mode
profile shows 75% of the optical field overlapped with the
GeSn active region.

FIG. 5 shows characterization of a laser diode device
according to embodiments of the invention. Panel (a): LI
curves of the 0.8 mm cavity length device from 10 to 100 K;
Panel (b): LI curves at 77 K for four devices with different
cavity lengths; Panel (c): Threshold of each device at 77 K;
and Panel (d): Temperature-dependent IV of the 0.8 mm
cavity length device.

FIG. 6 shows emission spectra at various current injection
levels of a laser diode device according to embodiments of
the invention. Panel (a): 0.3 mm device at 10 K. Inset:
extracted FWHM vs current density (spectral resolution of
10 nm); Panels (b), (c), and (d): 1.7 mm device at 10 K, 77
K, and 100 K. Inset in panel (d): extracted FWHM vs current
density; Panel (e): log-scale plot of spectra in panel (d); and
Panel (f): far field pattern from 1.7 mm device at 77 K.

FIG. 7 shows high-resolution spectra of 0.8 mm cavity
length device at 77 K under various current injections of a
laser diode device according to embodiments of the inven-
tion.

FIG. 8 shows extracted TO for each device according to
embodiments of the invention. For the 0.3 mm device, the
data point of threshold at 90 K was excluded from data
fitting.

DETAILED DESCRIPTION OF THE
INVENTION

The invention will now be described more fully herein-
after with reference to the accompanying drawings, in which
exemplary embodiments of the invention are shown. This
invention may, however, be embodied in many different
forms and should not be construed as limited to the embodi-
ments set forth herein. Rather, these embodiments are pro-
vided so that this invention will be thorough and complete,
and will fully convey the scope of the invention to those
skilled in the art. Like reference numerals refer to like
elements throughout.

The terms used in this specification generally have their
ordinary meanings in the art, within the context of the
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invention, and in the specific context where each term is
used. Certain terms that are used to describe the invention
are discussed below, or elsewhere in the specification, to
provide additional guidance to the practitioner regarding the
description of the invention. For convenience, certain terms
may be highlighted, for example using italics and/or quota-
tion marks. The use of highlighting has no influence on the
scope and meaning of a term; the scope and meaning of a
term is the same, in the same context, whether or not it is
highlighted. It will be appreciated that same thing can be
said in more than one way. Consequently, alternative lan-
guage and synonyms may be used for any one or more of the
terms discussed herein, nor is any special significance to be
placed upon whether or not a term is elaborated or discussed
herein. Synonyms for certain terms are provided. A recital of
one or more synonyms does not exclude the use of other
synonyms. The use of examples anywhere in this specifica-
tion including examples of any terms discussed herein is
illustrative only, and in no way limits the scope and meaning
of the invention or of any exemplified term. Likewise, the
invention is not limited to various embodiments given in this
specification.

One of ordinary skill in the art will appreciate that starting
materials, biological materials, reagents, synthetic methods,
purification methods, analytical methods, assay methods,
and biological methods other than those specifically exem-
plified can be employed in the practice of the invention
without resort to undue experimentation. All art-known
functional equivalents, of any such materials and methods
are intended to be included in this invention. The terms and
expressions which have been employed are used as terms of
description and not of limitation, and there is no intention
that in the use of such terms and expressions of excluding
any equivalents of the features shown and described or
portions thereof, but it is recognized that various modifica-
tions are possible within the scope of the invention claimed.
Thus, it should be understood that although the invention has
been specifically disclosed by preferred embodiments and
optional features, modification and variation of the concepts
herein disclosed may be resorted to by those skilled in the
art, and that such modifications and variations are consid-
ered to be within the scope of this invention as defined by the
appended claims.

Whenever a range is given in the specification, for
example, a temperature range, a time range, or a composi-
tion or concentration range, all intermediate ranges and
subranges, as well as all individual values included in the
ranges given are intended to be included in the invention. It
will be understood that any subranges or individual values in
a range or subrange that are included in the description
herein can be excluded from the claims herein.

It will be understood that, as used in the description herein
and throughout the claims that follow, the meaning of “a”,
“an”, and “the” includes plural reference unless the context
clearly dictates otherwise. Thus, for example, reference to “a
cell” includes a plurality of such cells and equivalents
thereof known to those skilled in the art. As well, the terms
“a” (or “an”), “one or more” and “at least one” can be used
interchangeably herein. It is also to be noted that the terms
“comprising”, “including”, and “having” can be used inter-
changeably.

It will be understood that when an element is referred to
as being “on”, “attached” to, “connected” to, “coupled”
with, “contacting”, etc., another element, it can be directly
on, attached to, connected to, coupled with or contacting the
other element or intervening elements may also be present.
In contrast, when an element is referred to as being, for
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example, “directly on”, “directly attached” to, “directly
connected” to, “directly coupled” with or “directly contact-
ing” another element, there are no intervening elements
present. It will also be appreciated by those of skill in the art
that references to a structure or feature that is disposed
“adjacent” another feature may have portions that overlap or
underlie the adjacent feature.

It will be understood that, although the terms first, second,
third etc. may be used herein to describe various elements,
components, regions, layers and/or sections, these elements,
components, regions, layers and/or sections should not be
limited by these terms. These terms are only used to distin-
guish one element, component, region, layer or section from
another element, component, region, layer or section. Thus,
a first element, component, region, layer or section dis-
cussed below could be termed a second element, component,
region, layer or section without departing from the teachings
of the invention.

Furthermore, relative terms, such as “lower” or “bottom”
and “upper” or “top,” may be used herein to describe one
element’s relationship to another element as illustrated in the
figures. It will be understood that relative terms are intended
to encompass different orientations of the device in addition
to the orientation depicted in the figures. For example, if the
device in one of the figures is turned over, elements
described as being on the “lower” side of other elements
would then be oriented on “upper” sides of the other
elements. The exemplary term “lower”, can therefore,
encompasses both an orientation of “lower” and “upper,”
depending of the particular orientation of the figure. Simi-
larly, if the device in one of the figures is turned over,
elements described as “below” or “beneath” other elements
would then be oriented “above” the other elements. The
exemplary terms “below” or “beneath” can, therefore,
encompass both an orientation of above and below.

It will be further understood that the terms “comprises”
and/or “comprising”, or “includes” and/or “including”, or
“has” and/or “having”, or “carry” and/or “carrying”, or
“contain” and/or “containing”, or “involve” and/or “involv-
ing”, “characterized by”, and the like are to be open-ended,
i.e., to mean including but not limited to. When used in this
disclosure, they specify the presence of stated features,
regions, integers, steps, operations, elements, and/or com-
ponents, but do not preclude the presence or addition of one
or more other features, regions, integers, steps, operations,
elements, components, and/or groups thereof.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this invention belongs. It will be further understood
that terms, such as those defined in commonly used diction-
aries, should be interpreted as having a meaning that is
consistent with their meaning in the context of the relevant
art and the invention, and will not be interpreted in an
idealized or overly formal sense unless expressly so defined
herein.

As used in the disclosure, “around”, “about”, “approxi-
mately” or “substantially” shall generally mean within 20
percent, preferably within 10 percent, and more preferably
within 5 percent of a given value or range. Numerical
quantities given herein are approximate, meaning that the
term “around”, “about”, “approximately” or “substantially”
can be inferred if not expressly stated.

As used in the disclosure, the phrase “at least one of A, B,
and C” should be construed to mean a logical (A or B or C),
using a non-exclusive logical OR. As used herein, the term
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“and/or” includes any and all combinations of one or more
of the associated listed items.

Embodiments of the invention are illustrated in detail
hereinafter with reference to accompanying drawings. The
description below is merely illustrative in nature and is in no
way intended to limit the invention, its application, or uses.
The broad teachings of the invention can be implemented in
a variety of forms. Therefore, while this invention includes
particular examples, the true scope of the invention should
not be so limited since other modifications will become
apparent upon a study of the drawings, the specification, and
the following claims. For purposes of clarity, the same
reference numbers will be used in the drawings to identify
similar elements. It should be understood that one or more
steps within a method may be executed in different order (or
concurrently) without altering the principles of the inven-
tion.

Double heterostructure (DHS) has been successfully uti-
lized in laser diode structures. The structures have two layers
of wider bandgap semiconductors with opposite conductiv-
ity types sandwiching one layer of an intrinsic narrower
bandgap semiconductor. The injected carriers are accumu-
lated within the DHS structure with a higher carrier density.
Such high carrier density and Fermi level alignment to the
wider bandgap layers facilitate the population inversion in
the narrower bandgap layer. As a result, low threshold room
temperature operation was demonstrated in group III-V
material based lasers. Therefore, using DHS is a viable
approach for the electrically injected SiGeSn laser diode.

In some embodiments, for designing SiGeSn DHS laser
diode, SiGeSn or GeSn with lower Sn composition can be
the viable selection for the wider bandgap layers. The
narrower bandgap layer, GeSn with higher Sn composition
(>8%) can be used as the active region. In order to have a
wide bandgap in the top layer, SiGeSn with lower Sn
composition is selected, which lead to a smaller lattice
constant than that of the GeSn active region. As a result, the
top layer is tensile strained on the top of a relaxed GeSn
active region. The tensile strained top layer forms a type-II
alignment with the active region. Both the conduction and
valance bands in the top layer have higher energy than the
bands in the active region. This alignment causes the hole
leakage, especially when the electrical field has the direction
towards the top layer. In such condition, the hole flows
through the active region and enter the top layer, causing the
carrier leakage, i.e., the reduction of hole concentration in
the active region.

FIGS. 1-2 show schematically a SiGeSn DHS laser diode
according to embodiments of the invention. In this exem-
plary embodiments, the DHS structure includes (i) a top
layer, (ii) intrinsic active region, and (iii) a buffer layer
(single or multiple layers). The top and buffer layer serve as
the contact layer by the heavy doping level. The metal layers
serve as electrodes. Ge, SiGe, GeSn, and SiGeSn, can be
used for the material of the DHS, which the band gap of the
active region is smaller than that of the buffer and top layers.
The buffer layer may have multiple layers with different Si
and Sn composition used to achieve the strain relaxation. For
example, as shown in FIG. 2, the buffer layer includes an
n*-type Ge buffer layer and an n*-type (Si)GeSn buffer layer.
The active region is intrinsic and includes a direct band gap
GeSn bulk or a quantum well (QW) structure. In certain
embodiments, the QW structure is made of single or mul-
tiple QW including direct band gap GeSn well(s) and
SiGeSn barrier(s). The top layer includes a SiGeSn material.

For an electrically injected laser, in order to address this
poor hole-confinement issue caused by the type II align-
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ment, the SiGeSn top layer was intentionally doped as
p-type. One embodiment of the type-II band alignment in the
DHS is shown in FIG. 3. As the holes are injected from the
top of the SiGeSn top layer, they are forced to flow to the
GeSn active region. Since there are hole barriers in the
valance band between the GeSn active region/layer and the
GeSn buffer layer, the holes could be confined in the active
region to facilitate the population inversion. While the
electrons are injected from the bottom of the GeSn buffer
with the n-type contact, the electron barrier in I' valley
(lower band than L valley) in the conduction band between
the GeSn active layer and the SiGeSn top layer prevents the
leakage of electrons and confines them in the active region.
Accordingly, this p-i-n device structure design according to
the embodiments of the invention, rather than the n-i-p
structure which may utilize the p-type unintentionally back-
ground doping of the GeSn buffer, effectively minimizes the
hole leakage and enhances the carrier confinement.

The early design of GeSn double-heterostructure in pre-
vious literature overlooked the factor of the type-II align-
ment due to the tensile strain, which could limit the perfor-
mance significantly. In this invention, the elimination is
resolved by forming the p-i-n doping specifically, instead of
the n-i-p doping in the literature.

Alternatively, when the top layer is designed as a type-1
alignment to the active region, the device can be a p-i-n or
n-i-p structure. The type-I alignment can be achieved by
designing the top layer lattice match or compressively
strained on the active region.

The first electrically injected GeSn laser diode was dem-
onstrated using the p-i-n DHS structure. The laser operates
from 10 to 100 K under the pulse condition (1 kHz repetition
rate and 700 ns pulse width). The device has a threshold of
598 A/cm® at 10 K and the emission peak wavelength of
2,266 nm. Detailed results are summarized in EXAMPLE
below.

The invention also discloses the method of realizing the
electrically injected GeSn lasers that are monolithically
grown on Si, whose gain medium is all group-IV based
direct band gap material. Albeit the optically pumped GeSn
lasers made impressive progress in recent years, lasing
through electrical injection has not been achieved, and
therefore is highly desirable. The special device structure
according to the invention is designed to ensure the effective
carrier and optical confinement.

Among other things, this invention represents a signifi-
cant milestone towards realizing all group-IV GeSn lasers to
enable full Si-photonics integration by adding the last miss-
ing component for the whole suite of functional devices. The
field of developing GeSn lasers has been highly competitive.
Since the optically pumped GeSn laser was demonstrated
operating up to 270 K, there is already significant progress
in the community such as further increasing operating
temperature and achieving CW operation at a low tempera-
ture. Therefore, the GeSn based laser has high potential
towards room-temperature and CW operation, which is
desired for commercial applications.

More specifically, the invention relates to semiconductor
laser diodes and methods of fabricating the same.

In one aspect of the invention, the laser diode comprises
a double heterostructure (DHS) comprising a top layer, a
buffer layer formed on a substrate, and an intrinsic active
layer formed between the top layer and the buffer layer, as
shown in FIGS. 1-2. In some embodiment, the DHS com-
prises Ge, SiGe, GeSn, and/or SiGeSn materials.

In some embodiments, the laser diode also comprises first
and second electrodes, wherein the first electrode is coupled
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to the top layer, the second electrode is coupled to the buffer
layer or the substrate. In some embodiments, the substrate is
heavily doped when the second electrode is coupled to the
substrate.

The active layer has a bandgap smaller than that of the
buffer layer or the top layer.

In some embodiments, the active layer comprises a direct
bandgap GeSn bulk or quantum well (QW) structure.

In some embodiments, the QW structure comprises single
or multiple QWs. In some embodiments, the QW structure
comprises one or more direct bandgap GeSn wells and/or
one or more SiGeSn barriers.

In some embodiments, the active layer is a nominally
intrinsic Ge_Sn, active layer having a thickness in a range of
about 50-2000 nm, where a+b=1. In one embodiment shown
in FIG. 4A, the active layer is a nominally intrinsic
Ge, oS1, ;; active layer having the thickness of about 1000
nm, with a Sn composition in the active region greater than
8%.

In some embodiments, each of the top layer and the buffer
layer serves as a contact layer by a heavy doping level. The
top layer and the buffer layer have opposite types of con-
ductivity. In some embodiments, the buffer layer is doped as
an n-type. In some embodiments, the top layer is doped as
a p-type.

In some embodiments, the buffer layer comprises one or
more layers with different Sn compositions for achieving a
strain relaxation.

In some embodiments, the buffer layer comprises a first
buffer layer formed of a Ge material on the substrate, and a
second buffer layer formed of a GeSn and/or SiGeSn mate-
rial on the first buffer layer.

In some embodiments, the first buffer layer is a nominal
strain-relaxed Ge buffer layer having a thickness less than
about 2000 nm, with n-type doping of about 1x10'7 cm™,
and the second buffer layer is formed of a GeSn material
and/or a SiGeSn material and has a thickness less than about
2000 nm, with n-type doping of about 1x10'” ¢cm™>. In one
exemplary embodiment shown in FIG. 4A, the first buffer
layer is a nominal strain-relaxed Ge buffer layer having a
thickness of about 500 nm, with n-type doping of about
1x10" cm™>, and the second buffer layer is a GeSn buffer
layer having a thickness of about 700 nm, with the nominal
Sn composition increase from about 8% to about 11% by
weight along a growth direction from the first buffer layer to
the active layer, and n-type doping of about 1x10'® cm™.

In some embodiments, the top layer is formed of a GeSn
material and/or a SiGeSn material.

In some embodiments, the top layer comprises one or
more layers including a first top layer formed on the active
layer, and a second top layer formed on the first top layer and
doped heavily relative to the first top layer.

In some embodiments, the first top layer is a Si,Ge Sn,
cap layer having a thickness less than about 2000 nm, with
p-type doping of about 1x10'7 cm™, and the second top
layer is a Si,Ge Sn, Ohmic contact layer having a thickness
less than about 2000 nm, with p-type doping of about 1x10"°
cm™, wherein x+y+z=1. Si, Ge and Sn can be in any
composition range as long as a composition combination
forms a band gap greater than the band gap in the active
region. In one exemplary embodiment shown in FIG. 4A,
the first top layer is a Si o3;Ge, 4051, o5 cap layer having a
thickness of about 170 nm, with p-type doping of about
1x10"® cm™>, and the second top layer is a Sij o5Geg goSNg og
Ohmic contact layer having a thickness of 70 nm, with
p-type doping of about 1x10'° cm™.
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In some embodiments, when holes are injected from a top
of the top layer, hole barriers in a valance band between the
active layer and the buffer layer confines the holes in the
active region to facilitate population inversion.

In some embodiments, when electrons are injected from
a bottom of the buffer layer, electron barriers in I" valley that
is lower band than L valley in a conduction band between the
active layer and the top layer prevents leakage of electrons,
thereby confining the electrons in the active region.

In some embodiments, the DHS has a p-i-n structure
configured to minimize hole leakage and enhance carrier
confinement.

In some embodiments, the top layer is designed as a type-1
band alignment to the active region, and the DHS has a p-i-n
or n-i-p structure.

In some embodiments, the type-I band alignment is
achieved by designing the top layer lattice match or com-
pressively strained on the active region.

In some embodiments, the top layer is designed as a
type-11 band alignment to the active region, the DHS has a
p-i-n structure.

In another aspect of the invention, the method of forming
a laser diode comprises growing a laser diode structure via
a chemical vapor deposition reactor using precursors of SiH,
(or Si;Hg), GeH, (or Ge,Hy), and/or SnCl, (or SnD,) on a
substrate.

The laser diode structure comprises a double heterostruc-
ture (DHS) comprising a buffer layer grown on the substrate,
an intrinsic active layer frown on the buffer layer, and a top
layer grown in the buffer layer, wherein the top layer and the
buffer layer are doped to have opposite types of conductiv-
ity, and wherein the active layer has a bandgap smaller than
that of the buffer layer or the top layer.

In some embodiments, the buffer layer comprises a nomi-
nal strain-relaxed Ge buffer layer grown on the substrate,
having a thickness less than about 2000 nm, with n-type
doping of about 1x10'” cm™>, and a GeSn/SiGeSn buffer
layer grown on the nominal strain-relaxed Ge buffer layer,
having a thickness less than about 2000 nm, with n-type
doping of about 1x10'7 ecm™.

In some embodiments, the active layer is a nominally
intrinsic Ge,Sn, active layer grown on the GeSn buffer layer,
having a thickness in a range of about 50-2000 nm, wherein
a+b=1.

In some embodiments, the top layer comprises a first
Si,Ge,Sn, cap layer grown on the nominally intrinsic
Ge,Sn, active layer, having a thickness less than about 2000
nm, with p-type doping of about 1x10*” cm~>, and a second
Si,Ge,Sn, Ohmic contact layer grown on the first Si,Ge, Sn,
cap layer, having a thickness less than 2000 nm, with p-type
doping of about 1x10'° cm™3, wherein x+y+z=1.

In some embodiments, all doping growth is performed
in-situ by introducing corresponding doping gases.

In some embodiments, the method further comprises
forming an electrode on each of the top layer, the buffer layer
and the substrate.

These and other aspects of the present invention are
further described below. Without intent to limit the scope of
the invention, exemplary instruments, apparatus, methods
and their related results according to the embodiments of the
present invention are given below. Note that titles or sub-
titles may be used in the examples for convenience of a
reader, which in no way should limit the scope of the
invention. Moreover, certain theories are proposed and dis-
closed herein; however, in no way they, whether they are
right or wrong, should limit the scope of the invention so
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long as the invention is practiced according to the invention
without regard for any particular theory or scheme of action.

Example

Electrically Injected GeSn Lasers on Si Operating
Up to 100 K

Monolithic lasers on Si have long been anticipated as an
enabler of full photonic integration, and significant progress
in GeSn material development shows promise for such laser
devices. While there are many reports focused on optically
pumped lasers, in this exemplary example, the electrically
injected GeSn lasers on Si were demonstrated. The GeSn/
SiGeSn heterostructure diodes were grown on a Si substrate
in a ridge waveguide laser device and tested under pulsed
conditions, giving consideration to the structure design to
enhance the carrier and optical confinement. The peak
linewidth of 0.13 nm (0.06 meV) and injection current
curves indicated lasing, which was observed up to 100 K
with emission peaks at 2300 nm. The threshold of 598 A/cm?
was recorded at 10 K. The peak power and EQE were
measured as 2.7 mW/facet and 0.3%, respectively. The
results show major advances for group-IV based lasers,
which could serve as the promising route for laser integra-
tion on Si.

Introduction

Research advance in GeSn semiconductors has opened a
new avenue for the development of Si-based optoelectronic
devices. With Sn content over 8%, GeSn turns into a direct
bandgap material, which is essential for efficient light emis-
sion. Furthermore, the GeSn epitaxy is monolithic on Si and
fully compatible with complementary metal-oxide-semicon-
ductor (CMOS). The broad wavelength coverage also makes
it versatile for mid-infrared applications, such as bio/chemi-
cal sensing, spectroscopy, and pyrometry. All these advan-
tages make the GeSn material a promising candidate for the
integrated light source on the Si platform that enables the
system to be more compact, low-cost, efficient, and reliable.

In the last few years, there was considerable progress in
the development of optically pumped GeSn lasers. The first
GeSn laser was presented with a 12.6% Sn composition
operating at temperatures up to 90 K. Later, higher Sn
incorporation was reported to be beneficial on elevating the
lasing temperature. Further attempt on 20% Sn incorpora-
tion resulted in near room temperature lasing operation. The
SiGeSn/GeSn heterostructure and multiple-quantum-well
lasers were achieved with reduced threshold as well as
elevated operating temperatures. Efforts on strain engineer-
ing of the GeSn lasers showed great improvements in device
performance as an alternative route to incorporating more
Sn. The laser operating temperature as high as 273 K with
16% Sn composition was shown. A continuous-wave opti-
cally pumped laser was reported with Sn composition as low
as 5.4% in a tensile strained disk structure. Thus far, all
GeSn lasers were reported using optically pumping and how
to achieve electrically injected lasers as predicted earlier
remains elusive.

In the exemplary example, the first demonstration of
electrically injected GeSn diode lasers were presented. The
GeSn/SiGeSn  double-heterostructure was grown which
ensures the carrier-and-optical confinement. To address the
hole leakage due to a type-II band alignment between the
GeSn active layer and the top SiGeSn barrier, the p-type top
SiGeSn layer was designed to facilitate the hole injection.
The ridge waveguide GeSn lasers were fabricated and
pulsed lasing was observed up to 100 K. The threshold was
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measured at 598 A/cm?® at 10 K. The characteristic tempera-
ture T, was extracted from 76 to 99 K at the temperature
range of 10 to 77 K for different devices.

Experiment

The laser diode structure was grown via an industry-
standard chemical vapor deposition reactor using commer-
cially available precursors on a 200-mm (100) Si substrate.
Five epitaxial layers were grown from bottom to top: i) a
nominal 500-nm-thick strain-relaxed Ge buffer layer, with
n-type doping of 1x10*° ¢cm™>; ii) a 700-nm-thick GeSn
buffer layer using the spontaneous relaxation enhanced
growth method, with nominal Sn composition from 8%
(bottom) to 11% (top), and n-type doping of 1x10'° ecm™;
iii) a nominally intrinsic 1000-nm-thick Ge, 4,Sn, ,, active
layer; iv) a 170-nm Si,, ;Gey 5651, o5 cap layer with p-type
doping of 1x10'® cm™; and v) a 70-nm Si, ,3Ge€, 5oSN; og
Ohmic contact layer with p-type doping of 1x10*® cm™. All
doping growth was done in-situ by introducing correspond-
ing doping gases. The cross-sectional schematic of the laser
device is shown in FIG. 4A. The compositions of Sn and the
layer thickness were measured by X-ray diffraction and
transmission electron microscopy techniques.

After the growth, the sample was fabricated into ridge
waveguide laser structures and then cleaved into individual
devices with the cavity lengths 0f 0.3, 0.5, 0.8, and 1.7 mm.
The 80-um-wide ridges were formed by wet etching. The
etching depth was controlled at 1.4 pm to expose the GeSn
buffer layer for metal contacts. Electron beam evaporated Cr
and Au were deposited as both p and n electrodes through a
lift-off process with the thickness of 10 and 350 nm,
respectively. The Si substrate was lapped down to 140 um
thick, followed by cleaving to form the Fabry-Perot cavity.
Finally, the devices were wire-bonded to a Si chip carrier
and mounted in a cryostat for low-temperature measure-
ments.

The current-voltage (IV) measurement was performed
using a direct current source measurement unit. For the
pulsed measurement, a pulsed high compliance voltage
source was used to drive the laser and the current was
monitored by a calibrated magnetically coupled current
meter. The repetition rate of 1 kHz and the pulse width of
700 ns were used for the spectra and light output vs injection
current (LI) measurements. The electroluminescence and
photoluminescence (PL) emission signal was collected and
analyzed through a monochromator (10 nm resolution) and
liquid-nitrogen-cooled-InSb detector (response range 1-5.5
um). The high-resolution spectra were obtained by using a
Fourier-transform infrared spectroscopy (FTIR) instrument
equipped with the InSb detector. Step-scan mode was used
with a 0.25 cm™" resolution for the measurement.

Results

The device band edge diagram at 300 K was calculated
and plotted in FIG. 4B. Four sub-bands including indirect L
(E.p) and direct I' (E 1) valleys in the conduction band (CB)
and heavy hole (E, ;) and light hole (E,;,) in the valence
band (VB) were considered. The following features are
obtained from FIG. 4B: i) Ge, 4Sn, ;; active layer has a
direct bandgap with the energy difference of 92 meV
between L and I valleys. The high degree of relaxation in
this layer results in the small difference between heavy hole
(HH) and light hole (LH) band; ii) In the CB, both I" and L
valleys feature type-1 alignment due to the wider bandgap
energies of the Sij, ,;Ge, 351, o5 cap and GeSn buffer. Note
that the Sn composition increases in the GeSn buffer
(8%~11%) along the growth direction, leading to the
decrease of both I" and L valleys in energy with the I more
rapidly than the L valley; iii) In the VB, the HH band



US 11,757,257 B2

13

features type-I band alignment. The LH exhibits the type-1I
band alignment at the cap/active layer interface, due to the
tensile strain within the Sij 4;Ge, 530S0, o5 cap.

The fundamental TE mode was plotted (dashed curve) to
show the optical field distribution. The refractive index for
each layer was taken from our previous study. The optical
confinement factor (optical field confined in Ge, ¢Sn, |,
active region) was calculated as 75% using the wavelength
at 2.3 pm.

The typical pulsed LI curves from the 0.8-mm cavity
length device were plotted in panel (a) of FIG. 5 at tem-
peratures from 10 to 100 K (maximum lasing temperature).
The threshold current densities are measured as 0.74 and 3.9
kA/cm? at 10 and 100 K, respectively. At 10 K, the emission
shows a saturation feature at 7.5 kA/em®. The maximum
peak power was measured as 2.7 mW/facet.

The LI characteristics of devices with different cavity
lengths were studied, as shown in panel (b) of FIG. 5 at 77
K. The threshold current densities were measured as 2.4, 1.6,
1.5, and 1.4 kA/em? for devices with cavity lengths of 0.3,
0.6, 0.8, and 1.7 mm, respectively, as shown in panel (c) of
FIG. 5. As cavity length (L) increases, the decreased lasing
threshold is mainly due to the reduced mirror loss («<1/L).
The 1.7-mm device has the lowest threshold among four
devices, with the value of 598 A/cm? at 10 K. Moreover, the
saturated emission intensity increases as L increases, except
for the 1.7 mm device (no higher current could be applied
due to device damage).

The typical IV characteristics of the 0.8-mm cavity length
device were measured at various temperatures as plotted in
panel (d) of FIG. 5. The series resistance is extracted as 1.2Q
at 10 K. The IV characteristics are consistent with our
previous GeSn diode studies, where the detailed IV analysis
was reported. Under the pulsed current operation, low duty
cycle and short pulse width were chosen to minimize the
joule heating.

The emission spectra below and above threshold were
investigated. Panel (a) of FIG. 6 shows the spectra of the
0.3-mm cavity length device under various current injection
levels at 10 K. Below the threshold, the peak full-width half
max (FWHM) was 64 nm, while above the threshold the
FWHM became about 20 nm, as shown in inset of panel (a)
of FIG. 6. Note that the relative broad peak linewidth of 20
nm is due to the spectral resolution of 10 nm. At 10 K, the
lasing emission peak was observed at 2250 nm.

Panels (b)-(d) of FIG. 6 show the emission spectra of the
1.7-mm cavity length device at 10, 77, and 100 K, respec-
tively. At each temperature, as the injection current density
increases from below to above the threshold, the signifi-
cantly increased peak intensity and reduced FWHM were
observed, both being the evidence of the lasing character-
istic. At 10 K, the measured peak position is the same as for
the 0.3-mm device, i.e., at 2250 nm. At 100 K, the lasing
peak redshifts to 2300 nm as expected due to the narrowed
bandgap. The log-scale plot of panel (d) of FIG. 6 is shown
in panel (e). Above the threshold, the stimulated emission
peak stands out from the broad spontaneous emission.

The far-field pattern was measured at the cross-section
plane 4 cm away from the laser facet. Two major peaks were
observed, indicating multi-mode operation, as shown in
panel (f) of FIG. 6. The FWHMs of the major peaks at the
center are estimated around 12 and 16 degrees along the fast
and slow axis, respectively.

To further study the lasing characteristic, high-resolution
spectra were measured using a FTIR. FIG. 4 shows the
spectra of the 0.8-mm cavity length device at 77 K under
various current injections. Above the threshold, the multi-

—_

0

45

60

14

mode lasing characteristic was clearly observed. The mini-
mum FWHM of the individual peak is measured as 0.13 nm
(or 0.06 meV). The dramatically reduced peak linewidth
under higher injection is one of the lasing characteristics. At
above 1.42xthreshold, the peak at 2307 nm dominates the
lasing spectrum.

Discussion

In comparison with obtaining optically pumped lasers,
there are special considerations for both carrier confinement
and optical confinement in this work for the device structure
design. In considering the carrier confinement in these laser
devices, the result of the band structure calculation shown in
FIG. 4B reveals that a type-1I band alignment between the
GeSn active and SiGeSn cap layers in LH at VB. The type-II
alignment is originated from the tensile strain of the SiGeSn
cap lifting the LH band above that in the GeSn active layer.
As a result, the hole leakage at the top surface could lead to
an increase in the lasing threshold. Therefore, this design is
not ideal for optically pumped devices. However, for elec-
trically injected devices, in order to address this poor hole-
confinement issue, the top SiGeSn layer was intentionally
doped as p-type in this work. As the holes are injected from
the top SiGeSn cap layer, they are forced to flow to the GeSn
active region. Since there are hole barriers in both HH and
LH bands at VB between GeSn active and GeSn buffer
layers, the holes could be confined in the active region to
facilitate the population inversion. While the electrons are
injected from the bottom GeSn buffer with the n-type
contact, the electron barrier in I" valley (lower band than L
valley) in CB between the GeSn active and the top SiGeSn
cap prevent the leakage of electrons and confine them in the
active region. This p-i-n device structure design, rather than
the n-i-p structure which may utilize the p-type unintention-
ally background doping of the GeSn buffer, effectively
minimizes the hole leakage and enhances the carrier con-
finement. Similar asymmetric confinement structure design
can be found in early 1I1I-V double-heterostructure lasers.

In order to increase the optical confinement, it is neces-
sary to address the small difference in the refractive index
between Ge (4.03 at 2.3 um) and GeSn (4.1~4.2 with
different Sn %). To increase the mode overlap with the GeSn
active layer, an overall 240-nm-thick SiGeSn cap layer was
grown on top of the GeSn active layer, which pushes the
peak intensity of the optical field into the active region,
resulting in a 75% mode overlap with the GeSn core layer
whose thickness is 1000 nm, as shown in FIG. 4B. For
optically pumped laser devices, the optical field can be well
confined since there is nothing but the air above the cap
layer. However, for the electrically injected laser devices,
due to the metal contact above the cap layer, the thickness
of the SiGeSn cap needs to be carefully optimized to
minimize the optical loss via the metal thin film. The current
thickness is selected as a compromise of the SiGeSn growth
capability and the metal optical loss.

The lasing spectra were further examined with the PL
study of the active region. The lasing peak from the 0.8-mm
cavity length device features a narrow linewidth (about 23
nm) compared to that of the PL spectrum (205 nm). In
addition, the 77 K high-resolution spectra in FIG. 7 reveals
the details of the spectrum, where the multiple longitudinal
peaks (with sub-nanometer individual peaks) form an enve-
lope that shown as a single peak in the low-resolution
measurement. The dramatic reduction of peak linewidth
indicates the onset of lasing.

T, of about 90 K in the temperature range below 77 K is
comparable with earlier reported double heterostructure
laser diodes. As temperature increases above 77 K, the
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carriers in the GeSn active region could gain sufficient
thermal energy to overcome the barriers and leak into the
SiGeSn cap and GeSn buffer layers, resulting in significantly
increased lasing threshold. This leads to the considerably
reduction of T, above 77 K, ranging from 25 to 37 K, as
shown in FIG. 8. By optimizing the design of the cap and
buffer layers, the improved carrier confinement at higher
temperatures can be obtained and thus higher T, is expected.

Note that although 2.7 mW/facet peak power was
obtained, the external quantum efficiency (EQE) was esti-
mated as 0.3% (both facets power counted), which is rela-
tively low even compared with early reported III-V double-
heterostructure lasers. This might be attributed to the low
injection efficiency due to the material band structure (close
to indirect bandgap), current leakage due to poor carrier
confinement, and the high internal optical loss. A thorough
study will be the next step to quantitatively investigate the
origin of low EQE.

To further improving the device performance, investiga-
tions of new structure designs are underway, which include:
1) increasing the Sn content to increase the bandgap direct-
ness so that injection efficiency can be increased; ii) adding
an SiGeSn buffer on the n layer to enhance the hole
confinement; iii) improving material quality and fabrication
technique to minimize the interface defects and surface
roughness, so that internal optical loss can be reduced; and
iv) reducing doping levels to minimize the free carrier
absorption.

In sum, the electrically injected GeSn/SiGeSn hetero-
structure lasers were demonstrated on a Si wafer grown by
using a commercial CVD reactor. The narrow peak lin-
ewidth of 0.13 nm (0.06 eV) and L-I curve characteristics
evidentially confirm the lasing. The multi-mode lasing char-
acteristics were observed by high-resolution spectra. The
lasing threshold of 598 A/cm? at 10 K was obtained. The
maximum lasing temperature was measured as 100 K with
2300 nm peak wavelength. The p-i-n structure design
enhances the carrier confinement by reducing the hole
leakage through the type-II band aligned cap layer. The peak
power was measured as 2.7 mW/facet at 10 K, correspond-
ing to calculated EQE of about 0.3%.

The foregoing description of the exemplary embodiments
of the invention has been presented only for the purposes of
illustration and description and is not intended to be exhaus-
tive or to limit the invention to the precise forms disclosed.
Many modifications and variations are possible in light of
the above teaching.

The embodiments were chosen and described in order to
explain the principles of the invention and their practical
application so as to enable others skilled in the art to utilize
the invention and various embodiments and with various
modifications as are suited to the particular use contem-
plated. Alternative embodiments will become apparent to
those skilled in the art to which the invention pertains
without departing from its spirit and scope. Accordingly, the
scope of the invention is defined by the appended claims
rather than the foregoing description and the exemplary
embodiments described therein.

Some references, which may include patents, patent appli-
cations and various publications, are cited and discussed in
the description of this disclosure. The citation and/or dis-
cussion of such references is provided merely to clarify the
description of the present disclosure and is not an admission
that any such reference is “prior art” to the disclosure
described herein. All references cited and discussed in this
specification are incorporated herein by reference in their
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entireties and to the same extent as if each reference was
individually incorporated by reference.
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What is claimed is:

1. A laser diode, comprising:

a double heterostructure (DHS) comprising a top layer, a
buffer layer formed on a substrate, and an intrinsic
active layer formed between the top layer and the buffer
layer, wherein the top layer and the buffer layer have
opposite types of conductivity, and wherein the active
layer has a bandgap smaller than that of the buffer layer
or the top layer,

wherein the top layer is formed of a SiGeSn material, and
the top layer is doped as a p-type.

2. The laser diode of claim 1, wherein the DHS comprises

a narrower bandgap GeSn active layer and wider bandgap
GeSn or SiGeSn cladding layers.

3. The laser diode of claim 1, further comprising first and
second electrodes, wherein the first electrode is coupled to
the top layer, the second electrode is coupled to the buffer
layer or the substrate.

4. The laser diode of claim 3, wherein the substrate is
heavily doped when the second electrode is coupled to the
substrate.

5. The laser diode of claim 1, wherein the active layer
comprises a direct bandgap GeSn bulk or quantum well
(QW) structure.

6. The laser diode of claim 5, wherein the QW structure
comprises single or multiple QWs.

7. The laser diode of claim 5, wherein the QW structure
comprises one or more direct bandgap GeSn wells and one
or more SiGeSn barriers.

8. The laser diode of claim 5, wherein the active layer is
a nominally intrinsic Ge,Sn,, active layer having a thickness
in a range of about 50-2000 nm, with a Sn composition in
the active region greater than 8%, wherein a+b=1.

9. The laser diode of claim 1, wherein each of the top layer
and the buffer layer serves as a contact layer by a heavy
doping level.

10. The laser diode of claim 9, wherein the buffer layer is
doped as an n-type.

11. The laser diode of claim 10, wherein the buffer layer
comprises one or more layers with different Sn compositions
for achieving a strain relaxation.

12. The laser diode of claim 11, wherein the buffer layer
comprises a first buffer layer formed of a Ge material on the
substrate, and a second buffer layer formed of a GeSn and/or
SiGeSn material on the first buffer layer.

13. The laser diode of claim 12, wherein the first buffer
layer is a nominal strain-relaxed Ge buffer layer having a
thickness less than about 2000 nm, with n-type doping of
about 1x10'7 cm™.
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14. The laser diode of claim 13, wherein the second buffer
layer is formed of a GeSn material and/or a SiGeSn material
and has a thickness less than about 2000 nm, with n-type
doping of about 1x10'7 cm™.

15. The laser diode of claim 1, wherein the top layer
comprises one or more layers including a first top layer
formed on the active layer, and a second top layer formed on
the first top layer and doped heavily relative to the first top
layer.

16. The laser diode of claim 15, wherein the first top layer
is a Si,Ge,Sn, cap layer having a thickness less than about
2000 nm, with p-type doping of about 1x10*” cm, and the
second top layer is a Si,Ge,Sn, Ohmic contact layer having
a thickness less than about 2000 nm, with p-type doping of
about 1x10'° cm™>, wherein x+y+z=1.

17. The laser diode of claim 10, wherein when holes are
injected from a top of the top layer, hole barriers in a valance
band between the active layer and the buffer layer confines
the holes in the active region to facilitate population inver-
sion.

18. The laser diode of claim 10, wherein when electrons
are injected from a bottom of the buffer layer, electron
barriers in F valley that is lower band than L valley in a
conduction band between the active layer and the top layer
prevents leakage of electrons, thereby confining the elec-
trons in the active region.

19. The laser diode of claim 10, wherein the DHS has a
p-i-n structure configured to minimize hole leakage and
enhance carrier confinement.

20. The laser diode of claim 1, wherein the top layer is
designed as a type-I band alignment to the active region, and
the DHS has a p-i-n or n-i-p structure.

21. The laser diode of claim 20, wherein the type-I band
alignment is achieved by designing the top layer lattice
match or compressively strained on the active region.

22. The laser diode of claim 1, wherein the top layer is
designed as a type-II band alignment to the active region, the
DHS has a p-i-n structure.

23. A method of forming a laser diode, comprising:

growing a laser diode structure via a chemical vapor

deposition reactor using precursors of SiH, (or Si;Hy),
GeH,, (or Ge,Hy), and/or SnCl, (or SnD,) on a sub-
strate,

wherein the laser diode structure comprises a double

heterostructure (DHS) comprising a buffer layer grown
on the substrate, an intrinsic active layer frown on the
buffer layer, and a top layer grown in the buffer layer,
wherein the top layer and the buffer layer are doped to
have opposite types of conductivity, and wherein the
active layer has a bandgap smaller than that of the
buffer layer or the top layer,

wherein the top layer is formed of a SiGeSn material, and

the top layer is doped as a p-type.

24. The method of claim 23, wherein the buffer layer
comprises a nominal strain-relaxed Ge buffer layer grown on
the substrate, having a thickness less than about 2000 nm,
with n-type doping of about 1x10'7 ¢cm™, and a GeSn/
SiGeSn buffer layer grown on the nominal strain-relaxed Ge
buffer layer, having a thickness less than about 2000 nm,
with n-type doping of about 1x10"7 cm™>.

25. The method of claim 24, wherein the active layer is a
nominally intrinsic Ge,Sn, active layer grown on the GeSn
buffer layer, having a thickness in a range of about 50-2000
nm, wherein a+b=1.

26. The method of claim 25, wherein the top layer
comprises a first Si,Ge Sn, cap layer grown on the nomi-
nally intrinsic Ge,Sn,, active layer, having a thickness less
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than about 2000 nm, with p-type doping of about 1x10"7
cm™, and a second Si,Ge,Sn, Ohmic contact layer grown on
the first Si,Ge,Sn, cap layer, having a thickness less than
2000 nm, with p-type doping of about 1x10'° cm™>, wherein
X+y+z=1. 5

27. The method of claim 26, wherein all doping growth is
performed in-situ by introducing corresponding doping
gases.

28. The method of claim 23, further comprising forming
an electrode on each of the top layer, the buffer layer and the 10
substrate.
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